1. Introduction {#sec1}
===============

Sanqi \[*Panax notoginseng* (Burk.) F. H. Chen\], a member of the Araliaceae family, is widely used as a medicinal herb [@bib1], [@bib2]. Triterpenoid saponins (ginsenosides) are the primary bioactive secondary metabolites present in Sanqi plants [@bib3]. More than 20 different ginsenosides have been identified in Sanqi [@bib1], [@bib4]. Owing to their significant effects against cancer and cardiovascular disease [@bib4], [@bib5], ginsenosides are widely used in pharmaceuticals, for industrial applications, for cosmetics, for agriculture, and for food markets. Because the need for ginsenosides has increased, more than 0.5 million hectares of Sanqi are being sown annually in China. Obtaining high biomass yields and ginsenoside contents is important in Sanqi plantations.

Nitrogen (N) is one of the main nutrients required for plant growth and is essential for the synthesis of amino acids, proteins and enzymes, and so on. [@bib6]. N nutrient availability is dynamic and changes during the course of plant growth [@bib7], [@bib8]. However, most relevant studies have focused only on the effects of N application on Sanqi biomass at the end of growth [@bib9], [@bib10], [@bib11]. Studying plant dynamic growth can provide a better picture of how soil N influences plant growth and nutrient uptake throughout the course of the growing season [@bib12] and can improve our understanding of biomass and nutrient accumulation. By explicitly modeling Sanqi biomass and nutrient uptake via parameters that are biologically interpretable, we can understand the dynamic effects of N fertilizer applications on Sanqi growth.

In addition to plant growth, secondary metabolites are also affected by soil nutrient availability. Previous studies have shown that suitable nutrient supplies are required for normal accumulation of plant secondary metabolites [@bib13]. For example, the synthesis of betaine, carotenoids, and flavone in *Lycium barbarum* is significantly correlated with N fertilizer levels, and the proper amount of N application (600-900 kg hm^−2^) is beneficial to the formation and accumulation of those secondary metabolites [@bib14]. In addition, soil nutrients can also alter the variety of secondary metabolites. Under N-deficient conditions, non-N secondary metabolites such as terpenoids and phenols can accumulate, whereas nitrogenous secondary metabolites such as alkaloids and cyanogenic glycosides can accumulate under N-sufficient conditions [@bib15]. Soil fertility was shown to affect both the quantitative amount and qualitative composition of saponins in *Bupleurum chinense* [@bib16]. All these findings resulted from the plasticity of plant responses to soil N conditions. Ensuring the appropriate N application to establish the optimal relationship between yield and saponins is important to Sanqi production.

Root architecture and physiology are the basis of nutrient and water absorption of plants and play an important role in the effects of soil nutrients on plant secondary metabolites [@bib17], [@bib18]. Many studies have shown that increases in root length density (RLD) result in increased root surface area, which provides more exposed area for nutrient uptake [@bib19]. Moreover, the RLD distribution is sensitive to changes in the supply and distribution of inorganic nutrients in the soil [@bib20]. For example, when the soil N supply was adequate, intercropped wheat presented a greater RLD and occupied a larger soil volume to capture nutrients; when the soil N was either deficient or abundant, intercropped wheat roots exhibited a reduced extent of both root distribution and RLD to maximize aboveground growth [@bib6]. In addition, root physiology, which is more carbon efficient than root architecture, can greatly contribute to the nutrient absorption ability of species [@bib21]. All of these findings were due to the phenotypic plasticity of plant root responses to varying soil N [@bib22]. Phenotypic plasticity is the property of a given genotype that produces different physiological or morphological phenotypes in response to different environmental conditions [@bib23]. This ability can help plants adapt to various soil conditions, increase nutrient uptake, and alter secondary metabolite production. Therefore, analyzing the relationship between root growth and soil nutrients, especially in response to N fertilizer application, is important for understanding the mechanism underlying the effects of N on Sanqi growth, nutrient uptake, and saponin synthesis.

In the present study, we aim to (1) identify the suitable N fertilizer rates that resulted in the optimal growth, nutrient uptake, and saponin content of Sanqi plants; (2) address how N fertilizer affects biomass and nutrient uptake dynamics; and (3) explore the changes in root morphology and physiology in response to varying N fertilizer applications and their relationship with saponin synthesis.

2. Materials and methods {#sec2}
========================

2.1. Study site and experimental design {#sec2.1}
---------------------------------------

Field work was carried out at the experimental station of Yunnan Agricultural University, Xundian County, Yunnan, China (103.13ºE, 25.67ºN; altitude of 1880 m), in 2015 and 2016. Sanqi plants were grown in soil supplemented with one of the following N contents in 2015: 0, 56, 113, 225, and 450 kg N/ha (i.e., N0, N56, N113, N225, and N450, respectively). In 2016, we optimized the N fertilizer rates based on the results from 2015: 0, 56, 113, and 225 kg N/ha (i.e., N0, N56, N113, and N225, respectively). The experiment was conducted as a randomized complete block design with three replications (blocks) per treatment. The area of each plot was 1.5 m × 8 m = 12 m^2^. The field soil consisted of soil, perlite, and sand (3:1:1) \[2015/2016: pH: 7.65/7.75; electrical conductivity: 580/520 μS/cm; soil bulk density: 0.59/0.58 g cm^−3^; soil specific gravity: 2.33/2.25 g cm^−3^; soil porosity: 75%/73%; and nutrient contents: 118.53/110.25 mg/kg available N, 295.10/280.80 mg/kg available phosphorus (P), and 664.36/631.45 mg/kg available potassium (K), respectively\]. Healthy seeds were surface sterilized with 1% sodium hypochlorite for 5 min, washed three times with sterilized water, and sown in each plot (5 cm × 5 cm). The planting density of Sanqi was 400 plants m^−2^. The seeds were sown on 7 January and emerged on 10 March. Then, the greenhouse was shaded with a polyethylene net that allowed 10% light transmission to imitate the natural conditions for Sanqi growth. When the seed germination reached 90% on 15 April, fertilizer was periodically applied between April and August. The N, P (P~2~O~5~), and K (K~2~O) fertilizers were supplied as urea (46.4%), calcium superphosphate (16%), and potassium sulfate (50%), respectively, to each plot. The rates of P~2~O~5~ (180 kg/ha) and K~2~O (270 kg/ha) were the same in all treatments. Every month, each experimental plot received 20% of the total fertilizer.

2.2. Sample collection and determination {#sec2.2}
----------------------------------------

The Sanqi plants were sampled approximately at 3-week intervals after seedling emergence. The plants were sampled on 7 May, 6 June, 6 July, 25 July, 13 August, 3 September, 16 September, 2 October, 17 October, 1 November, and 16 November. All plants within a 0.5 m long × 1.5 m wide area in each plot were sampled at each sampling time. The roots were carefully washed and air dried, after which the aboveground shoots and belowground roots were separated. We subsequently separated the belowground roots into taproot and fibrous root parts. All samples were then divided into four different groups. One group was for determining plant biomass and nutrient uptake, and the dry weight was measured after the plant samples had dried. Another group was for determining nutrient absorption, as described below. The third group was also used to analyze the roots, as described below, and the fourth group was for determining the saponin content in the Sanqi roots.

The fibrous root fractions were scanned using an Epson Perfection V850 Pro scanner (Epson Inc., Beijing, China), and the total root length, root diameter, root surface area, and root volume of the root samples in each N treatment were analyzed with WinRHIZO™ software (Régent Instrument Inc., Québec, Canada). The N uptake rate per root length (NURI) at three sampling times was calculated using the following formula [@bib24]:$$\text{NURI} = \frac{\left( {\text{N}2 - \text{N}1} \right)}{\left( {\text{R}2 + \text{R}1} \right)/2}$$where N1 and N2 represent the N acquisition of plants at the start and end of the sampling interval, respectively, and R1 and R2 represent the total root length of plants in the start and end of the sampling interval, respectively. The aboveground shoot and the belowground root of oven-dried samples were digested in a mixture with H~2~SO~4~ and H~2~O~2~ [@bib25], and N, P, and K concentrations in the plant dry matter of the aboveground shoot and the belowground root were measured by micro-Kjeldahl procedure, vanadomolybdate method, and ﬂame photometry, respectively. Nutrient uptake was calculated as the product between aboveground and belowground biomass and its nutrient concentration. Nutrient uptake was used for logistic growth function ﬁtting mass and its nutrient concentration.

2.3. Logistical model(growth model and the nutrient model) {#sec2.3}
----------------------------------------------------------

The values of eleven biomass samples and nine N, P, and K uptake data samples in response to different N fertilizer rate treatments from the seed stage until plant death or harvest were all ﬁtted to logistic models using ordinary least squares via the following equations [@bib7], [@bib12].$$\text{Mt} = \frac{\text{K}}{1 + \text{exp}\ \left( {r\text{*}\left( {tImax - t} \right)} \right)}$$$$\text{NUt} = \frac{\text{NUmax}}{1 + \text{exp}\ \left( {r\text{*}\left( {tImax - t} \right)} \right)}$$

The growth curve used Eq. [(1)](#fd1){ref-type="disp-formula"}, where Mt (mg/plant) is the aboveground and belowground dry matter weight per unit plant of Sanqi seedling grown under different N rate treatments at *t* days after seeding throughout the course of the growing season, K (mg/plant) represents the maximum biomass, *r* (day^−1^) is the initial per capita growth rate (dMt/dt × 1/Mt), and *t*~*Imax*~ (day) is the time of the maximum instantaneous growth rate. The nutrient uptake curve used Eq. [(2)](#fd2){ref-type="disp-formula"}, where NUt (mg/plant) (kg/ha) is the nutrient (N, P, or K) uptake per unit ground area of plant aboveground and belowground biomass at *t* days after Sanqi seedling emergence. The nutrient uptake was based on the area actually occupied by the aboveground and belowground plant parts. NUmax (mg/plant) represents the asymptotic maximum cumulative nutrient uptake per unit plant of the aboveground and the belowground plant parts, *r* (day^−1^) is the relative nutrient uptake rate (dNUt/dt × 1/NUt), and *t*~*Imax*~ (day) is the time needed to achieve the maximum daily nutrient uptake rate. All these parameters were estimated using the Slogistic1 procedure of OriginPro 8 software (OriginLab Corporation, Northampton, MA, USA).

The instantaneous growth rate (mg/plant/day) and the daily nutrient uptake rate (μg/plant/day) can be derived by Eqs. [(3)](#fd3){ref-type="disp-formula"}, [(4)](#fd4){ref-type="disp-formula"}, respectively, as follows:$$\frac{\text{dMt}}{\ \ \text{dt}\ \ \ } = \text{rMt}\left( {1 - \frac{\text{Mt}}{\ \ \text{K}\ \ \ }} \right)$$$$\frac{\text{dNU}t}{\ \ \text{d}t\ \ \ } = r\text{NU}t\left( {1 - \frac{\text{NU}t}{\ \ \ \text{NUmax}\ \ \ }\ } \right)$$

The instantaneous growth rate peaks at Mt=K/2; therefore, the maximum instantaneous growth rate, *Imax* = *r*K/4, occurs at time *t*~*Imax*~. The maximum daily nutrient uptake rate occurs at NUt = NUmax/2. As a result, the maximum daily nutrient uptake rate is as follows: *Imax* = *r*NUmax/4, which occurs at time t~*Imax*~.

2.4. Analysis of saponins content {#sec2.4}
---------------------------------

To identify the effects of different N fertilizer rates on the accumulation of saponins as the Sanqi plants grew, nine individual types of saponins, including R1, Rg1, Re, Rf, Rb1, Rg2, Rh1, Rd, and Rg3, within the taproots and fibrous roots were qualified by Ultra Performance Liquid Chromatography (UPLC) in accordance with the method of [@bib2]. 1 g root powder from dried Sanqi taproot or fibrous root tissue was transferred to a 15 mL tube and ultrasonically extracted by 4 mL methanol (MeOH):H~2~0 (80:20) at 40°C for 40 min. The tube was then centrifuged for 5 min (12,000 g, 4°C). The extraction procedure was performed three times. The solutions from the three extractions were combined and evaporated to dryness under a vacuum at 40°C. The dry residue was then redissolved in 100% MeOH to a concentration of 0.1 g/mL and passed through a 0.22 μm nylon membrane filter (JTSF0311, Tianjin Jinteng Experiment Equipment Co., Ltd.). The filtered solution was stored at 4°C until further determination.

A Shimadzu Nexera X2 UHPLC system (Shimadzu, Japan) equipped with an LC-30AD × 2 UPLC pump (Shimadzu, Japan), an SPD-M20A diode array detector (Shimadzu, Japan), and an SIL-30AC autosampler (Shimadzu, Japan) was used to perform the UPLC analysis and to determine the content of the nine individual types of saponins and the crude ginseng saponin. The UPLC separations were performed using a Shimadzu C18 Shim-pack XR-ODS column (2.0 mm i.d. × 75 mm, 1.6 μm). A multistep gradient with an initial injection volume of 10 μl and a flow rate of 0.4 mL/min was used for all separations. The solvent system consisted of the following linear gradient of solvent A \[acetonitrile (MeCN)\] and solvent B (0.1% phosphoric acid in water): from 1% to 18% A for 0.0 to 16.0 min, from 18% to 33% A for 16.0 to 30.0 min, from 33% to 38% for 30.0 to 32.0 min, from 38% to 50% for 32.0 to 34.0 min, holding at 50% for 6 min, and from 55% to 18% for 34.0 to 45.0 min. The column temperature was maintained at 30°C, and the chromatograms were recorded at 203 nm. MeOH and MeCN (HPLC grade) were purchased from MeckChina Co., Inc. (Germany). Ultrapure water was generated with a Milli-Q ultrapure water system (MeckChina Co., Inc., Germany). The nine standard types of individual ginsenosides (R1, Rg1, Re, Rf, Rb1, Rg2, Rh1, Rd, and Rg3; purity≥98%; Guizhou Dida Biological Technology Co.) were each dissolved in a small volume of MeOH and then diluted in distilled water to a concentration of 1.0 mg/L. Distilled water containing the same concentration of MeOH (1.0%) was used as a control. The ginsenosides in the samples were identified by comparing the results to those of authentic ginsenoside standards. The concentration of ginsenosides in the samples was quantified using standard curves that showed the linear relationships between the peak areas and the concentrations.

2.5. Statistical analysis {#sec2.5}
-------------------------

SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA) was used for general statistical analyses. The effects of N applications at different rates on the four parameters (*r*, NU~max~, *t*~*Imax*~, and *I*~*max*~) related to plant nutrient uptake were analyzed. To identify significant differences between treatments, mean separations among the treatments were analyzed by one-way analysis of variance and Duncan\'s multiple range test (*P* \< 0.05). We used linear regression to analyze the relationships between the saponin contents of the taproot and fibrous roots and the morphology of the roots and the NURI, respectively. The goodness of fit of all the regression equations was determined by *P*-values and the coefficients of determination (R^2^).

3. Results {#sec3}
==========

3.1. N rates affect the dynamic growth of Sanqi shoot and root {#sec3.1}
--------------------------------------------------------------

Two years (2015 and 2016) of field data showed that the N fertilizer rates affected the growth of Sanqi. In terms of per unit area or per plant, the N~225~ treatment yielded the greatest shoot and taproot biomass in 2015 ([Table 1](#tbl1){ref-type="table"}). Similar results were observed concerning the effects of N fertilizer rates on taproot biomass per plant in 2016, but the shoot biomass did not significantly differ between different N applications ([Table 1](#tbl1){ref-type="table"}). Increased N fertilizer rates also increased the root:shoot ratio of Sanqi in 2016 but had no effect in 2015 ([Table 1](#tbl1){ref-type="table"}). Moreover, N application showed no significant fibrous root biomass or the root:shoot ratio ([Table 1](#tbl1){ref-type="table"}).Table 1Effect of Nitrogen (N) rates on the biomass of Sanqi (*Panax notoginseng*)Table 1YearsTreatmentsUnit area (kg/ha)Unit plant (mg/plant)Aboveground dried biomassTaproot dried biomassFibrous dried biomassRoot shoot ratio, R/SAboveground dried biomassTaproot dried biomassFibrous dried biomassRoot shoot ratio, R/S（kg/ha）（kg/ha）（kg/ha）(mg/Plant)(mg/Plant)(mg/Plant)2015N0216.43 ± 16.97b758.68 ± 58.9b65.43 ± 4.78ab3.81 ± 0.1a65.72 ± 6.57b230.29 ± 22.25b19.79 ± 1.35ab3.81 ± 0.1aN56142.63 ± 19.54c512.93 ± 50.25c41.77 ± 2.27c3.94 ± 0.2a41.29 ± 5.13b148.68 ± 12.37c12.13 ± 0.53c3.94 ± 0.2aN113270.06 ± 7.96b892.4 ± 31.51b77.76 ± 4.31a3.6 ± 0.21a78.23 ± 2.69b258.47 ± 9.61b22.54 ± 1.42a3.6 ± 0.21aN225444.15 ± 25.29a1077.88 ± 21.24a68.77 ± 4.24ab3.42 ± 0.23a103.05 ± 7.51a332.79 ± 6.83a15.92 ± 0.94bc3.42 ± 0.23aN450242.81 ± 26.18b841.01 ± 93.18b57.04 ± 5.29b3.74 ± 0.44a80.56 ± 15.07b275.83 ± 43.22b18.84 ± 3.15ab3.74 ± 0.44a2016N0215.56 ± 33.29a332 ± 57.84a46.33 ± 9.79a1.74 ± 0.05a69.74 ± 4.18a107.32 ± 9.55b14.8 ± 1.52a1.74 ± 0.05aN56185.11 ± 6.26a271.78 ± 15.89a34.11 ± 4.04a1.65 ± 0.05a70.22 ± 3.89a102.65 ± 3.72b12.93 ± 1.59a1.65 ± 0.05aN113178.89 ± 16.96a291.67 ± 55.99a38.22 ± 6.29a1.81 ± 0.2a74.93 ± 2.4a120.64 ± 16.55ab15.9 ± 1.76a1.81 ± 0.2aN225187.89 ± 12.67a343.45 ± 39.16a38 ± 3.38a2.02 ± 0.12a74.7 ± 1.6a136.11 ± 10.96a15.09 ± 0.77a2.02 ± 0.12a[^2][^3]

Sanqi growth fit the logistic function well (aboveground: 0.945 ≤ adjusted R^2^ ≤ 0.961, *P* \< 0.05; belowground: 0.971 ≤ adjusted R^2^ ≤ 0.994, *P* \< 0.05). The initial stage \[100-320 days after sowing (DAS)\] of shoot growth was close to exponential, after which the growth stopped after 320 DAS; in contrast, the root growth was slow during the initial stage (100-180 DAS) but was exponential after 180 DAS ([Fig. 1](#fig1){ref-type="fig"}A and B). Increased N application significantly increased the initial growth rate (*r*) and the maximum growth rate (*I*~*max*~) of Sanqi shoot biomass per plant (maximum values were achieved in the N~225~ treatment) but did not affect the time of maximum growth rate (*t*~*Imax*~) or maximum biomass (K) ([Fig. 1](#fig1){ref-type="fig"}; [Table S1](#appsec1){ref-type="sec"}). Moreover, the roots of each Sanqi plant produced greater maximum biomass as the N application increased, but there were no significant effects on the other parameters ([Fig. 1](#fig1){ref-type="fig"}C and D; [Table S1](#appsec1){ref-type="sec"}). The Sanqi plants achieved the maximum shoot and root growth at 170 days and 265 days, respectively ([Table S1](#appsec1){ref-type="sec"}).Fig. 1Biomass growth of sanqi (*Panax notoginseng*) per plant in soil treated with different rates of nitrogen (N). (A) and (B) are the aboveground biomass growth and instantaneous growth rates, respectively. (C) and (D) are the belowground biomass growth and instantaneous growth rates, respectively. Each symbol is the mean of three replicates. N0, N56, N113, and N225 represent 0, 56, 113, and 225 kg N/ha.Fig. 1

3.2. N rates affect the dynamic nutrient uptake of Sanqi shoot and root {#sec3.2}
-----------------------------------------------------------------------

The N, P, and K uptake in the shoots and roots per Sanqi plant under different N fertilizer rates fit the logistic model (aboveground N: mean adjusted R^2^ = 0.812, 0.730 ≤ adjusted R^2^ ≤ 0.890, *P* \< 0.05; belowground N: mean adjusted R^2^ = 0.929, 0.886 ≤ adjusted R^2^ ≤ 0.966, *P* \< 0.05; aboveground P: mean adjusted R^2^ = 0.743, 0.623 ≤ adjusted R^2^ ≤ 0.813, *P* \< 0.05; belowground P: mean adjusted R^2^ = 0.937, 0.918 ≤ adjusted R^2^ ≤ 0.953, *P* \< 0.05; aboveground K: mean adjusted R^2^ = 0.795, 0.764 ≤ adjusted R^2^ 0.860, *P* \< 0.05; belowground K: mean adjusted R^2^ = 0.940, 0.912 ≤ adjusted R^2^ ≤ 0.970, *P* \< 0.05) ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}).Fig. 2Trajectories of cumulative N, P, and K uptake by Sanqi (*Panax notoginseng*) per plant in soil treated with different rates of nitrogen (N). Aboveground trajectories of cumulative N (A), P (C), and K (E) uptake. Belowground trajectories of cumulative N (B), P (D), and K (F) uptake. Each symbol is the mean of three replicates. N0, N56, N113, and N225 represent 0, 56, 113, and 225 kg N/ha.Fig. 2Fig. 3Daily N, P, and K uptake by Sanqi (*Panax notoginseng*) per plant in soil treated with different rates of nitrogen (N). Aboveground daily N (A), P (C), and K (E) uptake. Belowground daily N (B), P (D), and K (F) uptake. Each symbol is the mean of three replicates. N0, N56, N113, and N225 represent 0, 56, 113, and 225 kg N/ha.Fig. 3

The N and P uptake by Sanqi shoots increased exponentially from 0-210 DAS and then slowed or stopped, but the K uptake continued to increase until 310 DAS ([Fig. 2](#fig2){ref-type="fig"}A, C, E). The N, P, and K uptake in the roots per Sanqi plant continued to increase from emergence until the end of the season, after which the accumulation increased rapidly after 210 DAS ([Fig. 2](#fig2){ref-type="fig"}B, D, F). The dynamic accumulation of nutrient uptake per area of Sanqi plant shoot and root also exhibited a similar tendency ([Fig. S1](#appsec1){ref-type="sec"}).

N application rate affected the nutrient uptake (N, P, and K) per Sanqi plant root ([Fig. 2](#fig2){ref-type="fig"}). The maximum N, P, and K uptake (NU~max-N~, NU~max-P~, and NU~max-K~, respectively) and the corresponding maximum daily nutrient rates (*Imax--N*, *Imax--P*, and *Imax--K*, respectively) of the Sanqi roots significantly increased as the N fertilizer rate increased ([Fig. 3](#fig3){ref-type="fig"}B, D, F; [Table S2](#appsec1){ref-type="sec"}). There was no difference in *r* or *t*~*Imax*~ of the Sanqi roots in response to different N applications ([Fig. 3](#fig3){ref-type="fig"}B, D, F; [Table S2](#appsec1){ref-type="sec"}). Moreover, increased N application significantly increased only the NU~max-N~ per plant but had no effect on the NU~max-P~ or NU~max-K~ of the Sanqi shoots ([Fig. 3](#fig3){ref-type="fig"}A, C, E; [Table S2](#appsec1){ref-type="sec"}).

3.3. Response of root system architecture to the N fertilizer rate {#sec3.3}
------------------------------------------------------------------

The N fertilizer rate significantly affected the root architecture throughout the entire tested growth period of the Sanqi plants. On 6 July, there were no significant differences in root length, surface area, volume, or diameter per plant between any N fertilizer rates ([Fig. 4](#fig4){ref-type="fig"}; [Fig. S2](#appsec1){ref-type="sec"}). On 16 September and 16 November, all root architecture parameters (root length, surface area, diameter, and volume) were greater than those on 6 July. Increased N fertilizer rates significantly reduced the root length and increased the root diameter per Sanqi plant, but there were no significant differences in root surface area or volume per plant among different N fertilizer rates ([Fig. 4](#fig4){ref-type="fig"}). In addition, the root surface area and volume per area significantly decreased as the N fertilizer rate increased on 16 November, which differed from the results on a per-plant basis ([Fig. S2](#appsec1){ref-type="sec"}).Fig. 4Root morphology of sanqi (*Panax notoginseng*) per plant at three sampled dates (6 July, 16 September, and 16 November) among different nitrogen application rates. (A) Root length. (B) Root surface area. (C) Root volume. (D) Root doameter. N0, N56, N113, and N225 represent 0, 56, 113, and 225 kg N/ha. All data are presented as the mean ± standard errors (SEs) calculated from three biological replicates. Bars indicate SE, and different letters indicate significant differences among the treatments by Duncan\'s multiple range tests at *P* \< 0.05.Fig. 4

During 0-120 DAS, the NURI in the N~225~ treatment was significantly larger---by 31.5--42.1%---than that in the other N fertilizer treatments (N~0~, N~56~, and N~113~), regardless of whether the value was on a per-unit-area or per-plant basis ([Table 2](#tbl2){ref-type="table"}). During 121-189 DAS, the NURI exhibited similar trends as exhibited during 0-120 DAS: increased N fertilizer rates significantly promoted the NURI per unit area and per plant ([Table 2](#tbl2){ref-type="table"}). During 190-310 DAS, there was no significant difference in the NURI among the different N fertilizer rates ([Table 2](#tbl2){ref-type="table"}).Table 2Nitrogen uptake rate per Root length of Sanqi (*Panax notoginseng*) at growth stages with five N ratesTable 2Nitrogen applicationPer area（mg /m. d）Per plant（mg / m. d）0--120d121--189d190--309d0--120d121--189d190--309dN05.436 ± 0.617b2.929 ± 0.413b3.759 ± 2.235a0.054 ± 0.006b0.035 ± 0.003c0.013 ± 0.006aN565.547 ± 0.404b3.812 ± 0.482ab2.006 ± 1.222a0.055 ± 0.004b0.038 ± 0.002bc0.014 ± 0.003aN1135.134 ± 0.472b5.127 ± 0.309a1.798 ± 1.306a0.051 ± 0.005b0.049 ± 0.005b0.026 ± 0.013aN2257.295 ± 0.352a5.08 ± 0.466a6.391 ± 1.105a0.073 ± 0.004a0.061 ± 0.003a0.039 ± 0.006a[^4][^5]

3.4. N fertilizer rates regulate saponin accumulation in Sanqi roots {#sec3.4}
--------------------------------------------------------------------

To investigate the effects of N fertilizer rates on ginsenoside accumulation, the contents of the total ginsenosides and nine active ginsenosides in the Sanqi fibrous roots and taproots under five N fertilizer rates were tested. The data showed that increased N fertilizer rates could significantly increase the content of ginsenosides in both the taproots and fibrous roots ([Fig. 5](#fig5){ref-type="fig"}A). The content of total ginsenosides under N-sufficient conditions (N~113~ and N~225~) was significantly higher than that under N-deficient condition (N~0~ and N~56~) ([Fig. 5](#fig5){ref-type="fig"}A). In addition, the ratio of ginsenosides in the taproot and fibrous roots also increased as the N fertilizer rate increased ([Fig. 5](#fig5){ref-type="fig"}B). In addition, the total content of ginsenosides (R1, Rg1, Re, Rb1, Rg2, Rh1, Rd, and Rg3) per Sanqi plant taproot under N-sufficient conditions (N~113~ and N~225~) was significantly higher than that under N-deficient conditions (N~0~ and N~56~) ([Fig. S3](#appsec1){ref-type="sec"}).Fig. 5The total saponin contents of Sanqi (*Panax notoginseng*) per plant among different nitrogen application rates. (A) Total saponin content. (B) The proportion of total saponins. N0, N56, N113, and N225 represent 0, 56, 113, and 225 kg N/ha. All data are presented as the mean ± standard errors (SEs) calculated from three biological replicates. Bars indicate SE, and different letters indicate significant differences among the treatments by Duncan\'s multiple range tests at *P* \< 0.05.Fig. 5

3.5. The nutrient absorption capacity of roots affects the saponins synthesis {#sec3.5}
-----------------------------------------------------------------------------

The content of ginsenosides in the taproots exhibited a significant positive linear relationship with the NURI (per plant and per unit area) during 121-189 DAS ([Fig. 6](#fig6){ref-type="fig"}A, C) but exhibited no significant relationship with the NURI during 0-120 DAS or 190-309 DAS. In contrast, there was a significant negative linear relationship between the content of fibrous root saponins and the NURI (per plant and per unit area) during 0-120 DAS, but there was no significant relationship during 121-189 DAS or 190-309 DAS ([Fig. 6](#fig6){ref-type="fig"}B, D). In addition, there were significant positive linear relationships between the content of fibrous root saponins and root length, root surface area, and root volume (*P* \< 0.05), and the R^2^ value and slope of the regression equation of the root length were greater than those of the root surface area and volume ([Fig. S4B](#appsec1){ref-type="sec"}, N, F). However, there were no significant relationships between the content of taproot saponins and fibrous root length, surface area, or volume ([Fig. S4A, C, E](#appsec1){ref-type="sec"}).Fig. 6Correlation between the content of root saponins and NURI of Sanqi (*Panax notoginseng*). (A) per plant for taproot. (B) fibrous root. (C) per area for taproot. (D) fibrous root.Fig. 6

4. Discussion {#sec4}
=============

Our main goal in this study was to explore the effects of N fertilizer rates on the growth of and the synthesis of active compounds in the medicinal herb Sanqi. We found that root morphology and physiology can be adjusted to optimize the absorption of nutrients and that suitable levels of N stimulate the accumulation of saponins in the taproots.

In this study, the taproot biomass of Sanqi plants increased as the N fertilizer rate increased; maximum biomass was attained under 225 kg N/ha in both years ([Table 1](#tbl1){ref-type="table"}), indicating that soil N concentration could alter the tuber growth of Sanqi plants. These results are in accordance with those of Ou et al. [@bib26], who reported that 165-270 kg N/ha applications resulted in the greatest Sanqi root yields. Increased N fertilizer rates promoted the shoot biomass of Sanqi plants in 2015 but had no effect in 2016 ([Table 1](#tbl1){ref-type="table"}). This result might be attributed to the interference of extreme weather (snow in January and high temperature in July) in 2016. Sanqi seedlings may allocate increased amounts of carbohydrates only to the roots when faced with severe environmental conditions and overall tend to grow in suitable environments. The lower yield of Sanqi seedlings in 2016 than in 2015 also supports this hypothesis ([Table 1](#tbl1){ref-type="table"}). Hence, 225 kg N/ha may be the optimum N application for Sanqi plant growth.

The temporal or spatial niche of species is important for resource use in terms of plant growth [@bib27], [@bib28]. In our research, Sanqi plants exhibited maximal aboveground growth during the early growth stage (*t*~*Imax*~: approximately 170 DAS), after which they entered into an exponential belowground growth phase (*t*~*Imax*~: approximately 265 DAS) ([Fig. 1](#fig1){ref-type="fig"}A and B; [Table S1](#appsec1){ref-type="sec"}). These results highlight the unique strategy of the biomass allocation of both aboveground and belowground Sanqi plant parts and are in accordance with the results of Cui and Wang [@bib29], who reported that the growth rate of Sanqi plants peaked before August and from August to December in terms of aboveground biomass and belowground biomass, respectively. Similar results concerning the allocation of nutrients (*N- t*~*Imax*~: approximately 155/260 DAS, *P- t*~*Imax*~: approximately 145/280 DAS, *K- t*~*Imax*~: approximately 185/280 DAS) between the shoots and roots also support this finding ([Fig. 2](#fig2){ref-type="fig"}, [Fig S1](#appsec1){ref-type="sec"}; [Table S1](#appsec1){ref-type="sec"}). In *Panax ginseng* cultivation, the biomass allocation between aboveground and belowground parts is similar to that in Sanqi plants [@bib30]. This biomass allocation strategy may be a common characteristic of root-type medicinal perennials. In addition, the N and P uptake of Sanqi shoots stopped after 210 DAS, and K uptake continued to increase until 300 DAS, which coincided with the taproot swelling period ([Fig. 2](#fig2){ref-type="fig"}, [Fig. S1](#appsec1){ref-type="sec"}), indicating a key role of K uptake during Sanqi taproot growth. Many studies have shown that increased K uptake could promote both enzymatic activity of starch synthase and tuber swelling in tuberous crop species [@bib31], [@bib32]. Therefore, the continuous uptake of K in roots may be the basis of increased photosynthetic product translocation from shoots to roots during the swelling process of Sanqi tuberous roots.

The *I*~*max*~ theory states that, compared with plants with relatively slow growth rates, plants with relatively fast growth rates (greater capacity for resource capture) tend to survive longer and are more competitive [@bib33]. In our research, soil N applications increased the maximum capacity for biomass/nutrients (K/*N*U~*max*~); the maximum growth rate for biomass/nutrients (*I*~*max*~); and N, P, and K uptake of Sanqi taproots but had no effect on *r* or *t*~*Imax*~ ([Figs. 1](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}; [Table S1](#appsec1){ref-type="sec"}, [Table S2](#appsec1){ref-type="sec"}). These results indicated that the soil N concentration regulated the growth and nutrient uptake dynamics of Sanqi taproots mainly by altering the maximum accumulation rate of biomass and nutrients. Similar results were reported by Zhang et al. [@bib34], who found that intercropped maize exhibited greater *I*~*max*~ values and maximum biomass under 225 kg N/ha compared with 0 kg N/ha. The *I*~*max*~ theory states that plants with relatively fast growth rates (greater capacity for resource capture) tend to be superior competitors [@bib33]. In our other study, the survival rate of Sanqi plants under N~225~ was significantly greater than that under other N applications [@bib35]. Hence, greater survivability of Sanqi seedlings under optimal N fertilization may play a key role in the rapid Sanqi seedling growth and strong nutrient uptake ability. In addition, N application had little effect on Sanqi shoot growth and nutrient uptake but did affect the maximum N uptake. This result was in accordance with the previously mentioned hypothesis in which taproot growth and nutrient uptake had priority over those of the shoots.

Plant roots growing in soil exhibit highly plastic responses to surrounding environmental changes [@bib36]. In our research, the root length, surface area, and volume of the Sanqi plants increased under N-deficient conditions, whereas the diameter decreased; however, the opposite results occurred under N-sufficient conditions ([Fig. 4](#fig4){ref-type="fig"}; [Fig. S2](#appsec1){ref-type="sec"}; [Fig S5](#appsec1){ref-type="sec"}). The results indicate that the root growth of Sanqi plants was sensitive to soil available N concentrations. A field study of wheat and maize intercropping also showed that decreased N applications could promote RLD, but the root distribution decreased in response to excessive N applications [@bib6]. Other studies have also shown that an optimal N supply to seedlings increases carbon partitioning to roots, accelerates root growth, and results in greater total root length [@bib20], [@bib37]. These consequences in terms of the root growth of Sanqi plants in response to various N applications are indicative of the phenotypic plasticity of root distribution, which has generally been characterized by efficient resource acquisition via optimized root growth and distribution under different soil resource conditions [@bib20], [@bib36]. In addition, plants can respond to soil nutrients by altering their root architecture (morphological plasticity) and by increasing the uptake capacity of their roots exposed to high nutrient concentrations (physiological plasticity) [@bib38], [@bib39]. In our research, the NURI of Sanqi significantly increased in response to increased N applications ([Table 2](#tbl2){ref-type="table"}). This result reflects the typical physiological plasticity of Sanqi roots in response to soil N applications and is likely the basis for adequate nutrient absorption of Sanqi plants under optimum N fertilization (N~225~), in which root length, surface area, and root volume decreased. Robinson [@bib40] also reported that nutrient uptake per unit root usually increases when the roots of nutrient-deprived plants are supplied with nutrients. Combined with the effects of N application on biomass and nutrient uptake mentioned previously, the root length of the Sanqi plants decreased, and greater amounts of photosynthate were allocated to tuberous roots under optimum N fertilization, which promoted thick root growth to ensure adequate nutrient absorption.

In plants, the synthesis of specific active compounds is regulated by environmental factors [@bib41], [@bib42], [@bib43]. In the present study, the synthesis of saponins in Sanqi significantly differed in response to various N applications and was maximal in response to N~113~ and N~225~ ([Fig. 5](#fig5){ref-type="fig"}), indicating that soil N could alter the synthesis of saponins. Ibrahim et al. [@bib44] also reported that N levels significantly impacted the production of total phenolics and flavonoids in *Labisia pumila* Benth. N fertilizers also significantly increased the content of alkaloids in *Lupinus albus* [@bib45], and Kang [@bib14] also reported that major secondary metabolites including betaine, carotenoids, and flavones in *L. barbarum* varied in response to different application amounts of N. Moreover, the NURI of Sanqi plants was positively correlated with the synthesis of saponins in tuberous roots ([Fig. S4](#appsec1){ref-type="sec"}), indicating that the nutrient absorption ability of fibrous roots is an important factor for the synthesis of saponins. This positive relationship may be derived from two aspects: (1) a direct relation between N absorption and the synthesis of saponins and (2) the increased N absorption ability of Sanqi fibrous roots may affect the uptake of other microelements, which affects the synthesis of saponins. Zhou et al. [@bib46] reported that increasing N levels could reduce the contents of trace elements (Ca, Mn, Cu, and Zn) in different parts of *Allium fistulosum* L. plants. Trace element accumulation can affect the levels of secondary metabolites in crop species such as carrots, onions, and potatoes [@bib47]. In addition, there was negative correlation between the NURI and the synthesis of fibrous root saponins. This result may be due to the reduction in root length and volume, which showed the opposite tendency with the NURI in response to various N applications. The negative relationship between root morphology and saponin content supported this hypothesis ([Fig. S4](#appsec1){ref-type="sec"}).

5. Conclusions {#sec5}
==============

The present study shows that Sanqi could adjust its root growth for nutrient absorption according to the soil N status. When soil N was sufficient, Sanqi exhibited reduced root length and surface and enhanced root diameter and NURI to improve nutrient absorption ability. The higher maximum accumulation rate of biomass and nutrients were the main reason of greater biomass and nutrient uptake of Sanqi taproot. Meantime, increasing N application also promoted synthesis of saponins, which showed important relationship with NURI and root architecture.

Overall, on the basis of soil N concentration, root morphology and physiology can be modified to optimize the absorption of nutrients, and this plasticity also affects the synthesis of saponins. Understanding the relationship between root morphology, nutrient availability, and the synthesis of secondary metabolites may help us obtain additional active compounds from roots by managing N levels in medicinal herb production systems.
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